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________________________________________________________________________________ 
The salt metathesis reaction of the sterically demanding bis(iminophosphoranyl)methanide alkali 
metal complexes LM (L- = HC(Ph2P=NDip)2-, Dip = 2,6-iPr2C6H3; M = Li, Na, K) with "GaI", InBr 
or TlBr afforded the monomeric group 13 metal(I) complexes LE:, E = Ga (1), In (2) and Tl (3) in 
moderate yields, and small quantities of LGaI2 4 in the case of Ga, respectively. The molecular 
structures of LE: 1-3 from X-ray single crystal diffraction show them to contain puckered six-
membered rings with N,N'-chelating methanide ligands and two-coordinated metal(I) centres. 
Reduction reactions of LAlI2 5, prepared by iodination of LAlMe2, were not successful and no 
aluminium(I) congener could be prepared so far. DFT studies on LE:, E = Al–Tl, were carried out 
and support the formulation as an anionic, N,N'-chelating methanide ligand coordinating to group 
13 metal(I) cations. The HOMOs of the molecules for E = Al-In show a dominant contribution from 
a metal-based lone pair that is high in s-character. 
________________________________________________________________________________ 
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Introduction 
 
For the heavier elements of groups 13 and 14, the most stable and common oxidation states in 
compounds change from +3 or +4 (e.g. period 3 and 4) to +1 and +2 (period 6), respectively, when 
descending a group.1,2 Especially for the period 6 elements, a low oxidation state with a nonbonding 
s
2
 lone pair is stabilised and does not significantly engage in bonding and hybridisation (inert pair 
effect).1,3 For the lighter elements of groups 13 and 14, however, this electronic configuration is 
increasingly difficult to stabilise and molecular low oxidation state compounds are in turn less 
stable and undergo numerous redox reactions, with a tendency to revert to compounds with the 
main group element in a more stable high oxidation state, i.e. +3 and +4, respectively.2,4 Especially 
over the past few decades numerous compound classes with the lighter group 13 metals in low 
oxidation states have been reported.2,5 For gallium, for example, stable and well-defined complexes 
with Ga centres in the +1 oxidation state have been reported that range from simple species such as 
weakly coordinated Ga+ cations6 and mononuclear one-coordinate complexes7 to huge metalloid5d,8 
cluster compounds.2,5 Several heterocyclic molecules that incorporate a group 13 metal(I) ion of 
Al–In by coordination to N,N'-chelating anionic ligands to form six-membered (β-diketiminate 
complexes I of Al,9 Ga,10 and In11), five-membered (anionic complexes II of Ga12) and four-
membered (guanidinate III13 and diiminophosphinate IV14 complexes of Ga and In) ring systems 
are known, see Figure 1, as well as a related monomeric tris(pyrazolylborate) complex.15 In the 
solid state structures of several of these GaI and InI heterocycles, metal-metal bonding 
interactions11a,11b,11d,14 from metal-based orbital overlaps exist that are weak in nature, do not persist 
in solution, and typically compare in strength with those of closed-shell interactions16 and London 
dispersion forces17. Because of their heterocyclic nature with typically two-coordinate metal(I) 
centres carrying a non-bonding metal-based lone pair, these species have been coined carbene 
analogues which highlights parallels that these molecules can serve as donor ligands in (transition) 
metal complexes.2,18 
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Fig. 1  Heterocyclic N,N'-coordinated metal(I) complexes of Al, Ga and In. 
 
Substitution of the imine carbon centres in β-diketminates19 (NacNac) by phosphoranyl moieties 
leads to structurally and electronically related bis(iminophosphoranyl)methanides20 (PNacPNac) of 
which we expected similar successful applicability in low-valent group 13 chemistry as is known 
for the iconic NacNacs (see Figure 2).2c,4a Here we report a series of related monomeric group 13 
metal(I) complexes bearing monoanionic bis(iminophosphoranyl)methanide ligands. 
 
 
Fig. 2  NacNacE: vs PNacPNacE:, E = heavier group 13 element, Dip = 2,6-iPr2C6H3. 
 
 
Results and Discussion 
 
The sterically demanding iminophosphorane H2C(Ph2P=NDip)2, Dip = 2,6-iPr2C6H3 (= LH)21 is 
readily deprotonated at its central carbon atom by strong alkali metal bases to various 
bis(iminophosphoranyl)methanide complexes LM (M = Li, Na, K) and their solvates.22 The salt 
metathesis reaction of these complexes with a variety of group 13 metal(I) halide sources such as 
"GaI",23 InBr and TlBr in toluene (Ga) or THF (In, Tl) afforded the new monomeric complexes 
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LE:, E = Ga (1), In (2) Tl (3) in moderate isolated yields, see scheme 1. Reagent additions were 
performed at low temperatures and the reaction mixtures were typically vigorously stirred for up to 
two days at room temperature. The reactions appear to proceed slower than those forming the 
recently reported complexes Ph2P(NDip)2E: (E = Ga, In, Tl) having a comparable monoanionic 
iminophosphorane ligand system,14 which is likely due to the greater steric demand of the 
bis(iminophosphoranyl)methanide system in 1-3. 
 
 
Scheme 1.  Synthesis of Compounds 1-3. 
 
New complexes were isolated as colourless crystals and could be structurally characterised, see 
Figure 3 and Table 1 for selected bond lengths and angles. Common reaction by-products were 
identified by NMR spectroscopy as the neutral iminophosphorane LH and in the case for Ga, the 
gallium(III) complex LGaI2 4 that was also structurally characterised (Figure 3). Previously, higher 
oxidation state by-products have been found for example in the synthesis of β-diketiminate 
gallium(I) complexes10 using the mixed oxidation state species "GaI".23 In addition, varying small 
quantities of the respective group 13 metals could be found at the end of the salt metathesis 
reactions likely from disproportionations. Complex LGa: 1 could also be rapidly converted to LGaI2 
4 with one equivalent of I2 in deuterated benzene. 
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Fig. 3  Molecular structures of compounds 1-4 (30% thermal ellipsoids). Hydrogen atoms except on 
C1 are omitted for clarity. 
 
The complexes LE:, E = Ga (1), In (2) and Tl (3), are isostructural and all crystallise with a full 
molecule in the asymmetric unit; complexes 2 and 3 are isomorphous. The compounds contain 
central six-membered NPCPNE chelate rings with two-coordinate metal centres (cf. related β-
diketiminate complexes).9-11 The Ga congener 1 is the most planar molecule of the series with slight 
distortion to a boat conformation, whereas the central ring in the heavier homologues is more 
puckered and distorted. The β-diketiminate examples I do largely show essentially perfect planarity 
of the six-membered rings in their solid state structures.9-11 Each complex 1-3 shows two slightly 
different E-N distances (see Table 1) that generally compare well to those of the β-diketiminate 
complexes. The N-E-N angles in 1-3 reduce from ca 97° for Ga to 90° for Tl; an expected value if 
no s-p hybridisation occurs. This is in contrast to those of the β-diketiminate derivatives I with R = 
Me and Ar = Dip that show a decreasing N-E-N angle from Al to Tl (approximate angles, E = Al: 
90°, Ga: 88°, In: 81°, Tl: 77°) that is likely caused by the different steric profiles of the two ligand 
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classes and the facile delocalisation of electron density for the β-diketiminate backbones. No large 
differences are found for P-N or P-C bond lengths within the series 1-3. The molecular structure of 
LGaI2 4 contains a six-membered chelate ring in a twist-boat configuration that is folded along the 
Ga·· ·C vector. The Ga centre is in a distorted tetrahedral coordination mode showing shorter Ga-N 
distances compared to those in the GaI complex 1 due to the smaller GaIII ion in 4. 
 
Table 1.  Selected interatomic distances (Å) and angles (°) for complexes 1-4. 
 LGa: 1 LIn: 2 LTl: 3 LGaI2 4 
E-N/Å Ga(1)-N(1) 2.030(4) 
Ga(1)-N(2) 2.067(4) 
In(1)-N(1) 2.3578(17) 
In(1)-N(2) 2.3092(18) 
Tl(1)-N(1) 2.463(2) 
Tl(1)-N(2) 2.416(2) 
Ga(1)-N(1) 1.943(5) 
Ga(1)-N(2) 1.948(5) 
P-N/Å P(1)-N(1) 1.618(4) 
P(2)-N(2) 1.629(4) 
P(1)-N(1) 1.6264(17) 
P(2)-N(2) 1.6147(18) 
P(1)-N(1) 1.617(2) 
P(2)-N(2) 1.611(2) 
P(1)-N(1) 1.651(5) 
P(2)-N(2) 1.652(5) 
P-C/Å P(1)-C(1) 1.702(5) 
P(2)-C(1) 1.698(5) 
P(1)-C(1) 1.708(2) 
P(2)-C(1) 1.714(2) 
P(1)-C(1) 1.711(2) 
P(2)-C(1) 1.712(2) 
P(1)-C(1) 1.717(6) 
P(2)-C(1) 1.697(6) 
Ga-I/Å - - - Ga(1)-I(1) 2.5395(9) 
Ga(1)-I(2) 2.5919(9) 
N-E-N/° N(1)-Ga(1)-N(2) 
96.92(15) 
N(2)-In(1)-N(1) 91.90(6) N(2)-Tl(1)-N(1) 89.98(7) N(1)-Ga(1)-N(2) 
108.3(2) 
 
P-C-P/° P(2)-C(1)-P(1) 129.9(3) P(1)-C(1)-P(2) 
125.19(12) 
P(1)-C(1)-P(2) 
126.37(15) 
P(2)-C(1)-P(1) 
130.9(3) 
I-Ga-I/° - -° - I(1)-Ga(1)-
I(2)102.65(4) 
 
NMR spectra of compounds 1-3 in deuterated benzene are consistent with a highly symmetric 
average solution structure of the molecules. The 1H NMR spectra show one doublet and one septet 
only for the resonances of the isopropyl groups. For LGa: 1, however, the 1H NMR resonance for 
the methyl groups is extremely broad at room temperature, sharpens at elevated temperature and 
resolves to one doublet at around 65°C. The likely reason for this is that the comparatively small Ga 
centre causes the shortest approach of the two Dip substituents and contributes to hindered rotation 
of the iPr groups. The 31P{1H} NMR signals for LE: show sharp singlets for E = Ga (δ 20.4 ppm) 
and In (δ 17.0 ppm), and a broad doublet of 109 Hz for LTl: 3 (δ 11.0 ppm) from coupling to the 
combined 203/205Tl nuclei (both I = ½). The latter Tl-P coupling constant is significantly smaller than 
that found for another iminophosphorane-based complex Ph2P(NDip)2Tl (416 Hz).14 Previously, a 
bis(iminophosphoranyl)methanediide dithallium(I) complex had been prepared that crystallised as a 
dimer via Tl·· ·Tl interactions.24 This complex shows a broad triplet in its 31P{1H} NMR spectrum at 
δ -0.3 ppm with a coupling constant of 407 Hz. Complex LGaI2 4 shows two broad resonances and 
one sharp septet for the protons of the isopropyl groups in its 1H NMR spectrum that merge at 
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elevated temperatures (approximately above 50°C) to one broad methyl resonance and a sharp 
methine septet. 
 To access a potential starting material to an aluminium(I) complex LAl:, we have 
synthesised the aluminium(III) iodide complex LAlI2 5 from LAlMe225 and elemental iodine, see 
scheme 2, in analogy to the synthetic pathway to yield the β-diketiminate aluminium(I) examples I.9 
Alternatively, we have obtained LAlI2 5 from the iodination of LAlH226 with approximately one 
equivalent of I2 and the salt metathesis of LK and AlI3, respectively, though materials from these 
reactions have been significantly less pure. Complex LAlI2 5 was obtained as a colourless 
crystalline material. Once crystallised, the complex shows a relatively poor solubility in 
hydrocarbon solvents at room temperature. 
 
 
Scheme 2.  Synthesis of Compound 5. 
 
We have found the molecular structure of LAlI2 5 from single crystal X-ray diffraction to be 
isostructural and isomorphous to LGaI2 4, though the data quality was too poor for inclusion in here 
and only an image is presented in the ESI (Figure S1). The 1H NMR spectroscopic data for LAlI2 5 
shows two doublets and one septet for the protons of the isopropyl groups with similar chemical 
shifts to those of LGaI2 4 and LAlR2 (R = H, Me),25,26 and similar properties to related complexes 
bearing different N-substituents.27 Reduction reactions of LAlI2 5 under varying conditions, e.g. 
using two equivalents or an excess of potassium metal, so far only led to intractable product 
mixtures with no support for the formation of a stable LAl: complex. The use of dimeric 
magnesium(I) compounds as reducing agents28 provided very poor consumption only, even at 
elevated temperatures, likely due to the large steric profile of the L- ligand. 
 Density functional theory calculations at the pbe0/def2-tzvp (P, N, C(1) and E atoms) + 
def2-svp (all other atoms) level were carried out to optimize the full molecules LE: (E = Al, Ga 1, 
In 2, Tl 3) in their singlet ground state, see Table 2 for data. These accurately reproduced the 
molecular geometries for 1-3, including key bond lengths. Selected NBO and DFT orbitals are 
shown in Figure 4. The HOMOs for the LE: molecules with E = Al–In show a dominant 
contribution of a metal-based lone pair that is high in s-character (see Table 2). For Tl, this lone pair 
contribution is found in lower lying orbitals, mainly the HOMO-7 together with a smaller 
contribution to the HOMO-14 (not shown) with 99% s-character. Instead, the HOMO for E = Tl is 
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associated with a central carbon p-orbital of the ligand backbone forming a pi-type interaction 
towards the two adjacent P centres. For E = Al-In, a similar delocalised orbital is found in the 
HOMO-1. Higher lying relevant virtual orbitals show significant contributions of empty metal p-
orbitals. For Al, the LUMO+8 and LUMO+12, for Ga, the LUMO+8 with a smaller contribution in 
the LUMO+3, for In, the LUMO+3 (plus minor contributions in the LUMO+5 and +6) and for Tl, 
the LUMO show a metal p-orbital orthogonal to the metal-chelate plane. Higher lying orbitals can 
show contributions of in-plane metal p-orbitals orthogonal to the E···C vector (LUMO+14 for Al 
and Ga, LUMO+13 for In and Tl) and even contributions of in-plane metal p-orbitals in line with 
the E···C vector (LUMO+14 for In, LUMO+9 for Tl). What little ligand-based contribution there is 
to these virtual orbitals shows an anti-bonding combination to the metal-based content. 
Accordingly, ligand-based orbitals which suggest bonding interactions with very small-to-negligible 
contributions from metal-based orbitals can be detected in lower lying occupied molecular orbitals. 
These may further corroborate the relatively ionic coordination interaction of the anionic ligand 
donor system to empty metal p-orbitals of E+. The remaining orbitals in LE: can be mainly 
attributed to ligand-based orbitals from the multiple aromatic groups of the molecule. 
 The HOMO-LUMO gaps (Table 2) involve different types of orbitals across the series with 
the HOMO-LUMO gaps increasing down the group. The values are very close to those computed 
for the related diiminophosphinate group 13 metal(I) complexes IV.14 The gaps between the 
dominant metal lone pair orbital to the first empty metal p-orbital is also comparable to those 
determined for the diiminophosphinate metal(I) complexes with the exception of the value for Tl, 
which is significantly larger for LTl (6.23 eV versus 4.62 eV for Ph2P(NDip)2Tl). Overall, these 
results support that the compounds LE: can be described as coordination compounds of an anionic 
bis(iminophosphoranyl)methanide ligand to monovalent group 13 metal cations having a 
predominantly s-orbital lone pair where the metal-ligand bonding involves some interaction with 
"empty" E+ metal p-orbitals. These findings are in line with the general features found for related 
heterocyclic group 13 metal(I) compounds.2c 
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Table 2.  Selected data for the DFT (pbe0/def2-tzvp + def2-svp) optimized compounds LE: 
 E = Al E = Ga E = In E = Tl 
E-N/Å 1.977 2.088 2.340, 2.347 2.456, 2.501 
P-N/Å 1.636 1.625 1.616, 1.621 1.608, 1.616 
P-C/Å 1.698 1.699 1.703, 1.712 1.707, 1.717 
∆EHOMO-LUMO/kJ/mol 
(eV) 
299 (3.10) 399 (4.13) 437 (4.53) 445 (4.61) 
∆EE-s-E-p/kJ/mol (eV)  415 (4.30) 
HOMO to LUMO+8 
493 (5.11) 
HOMO to LUMO+8 
438 (4.54)  
HOMO to LUMO+3 
462 (4.79) 
HOMO to LUMO+3 
601 (6.23) 
HOMO-7 to LUMO 
LP hybridization on 
E  
90% s, 10% p 93% s, 7% p 98% s, 2% p 99% s, 1% p 
Charges (natural), E +0.856 +0.785 +0.892 +0.872 
Charges (natural), P +1.92 +1.92 +1.90 1.89 
Charges (natural), N -1.34 -1.27 -1.30 -1.27 
Charges (natural), C -1.55 -1.51 -1.54 -1.54 
 
 
Fig. 4  Selected orbitals for the optimised molecules LE: (E = Al, Ga, In, Tl) shown in two views 
each (isovalue 0.04 e/Å3). The orbital energies are given relative to the respective HOMO. 
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Conclusions 
 
We have prepared and characterised the monomeric bis(iminophosphoranyl)methanide metal(I) 
complexes LGa: 1, LIn: 2 and LTl: 3, and the heteroleptic iodide complexes LGaI2 4 and LAlI2 5. 
The aluminium(I) congener LAl: could not be prepared so far from reductions of LAlI2 5. The 
metal(I) complexes LE: show puckered six-membered ring systems with N,N'-chelating 
bis(iminophosphoranyl)methanide ligands that are more folded and twisted down the group. DFT 
studies support that the metal(I) compounds with anionic N,N'-chelating methanide ligands show 
largely unhybridised E+ cations having a metal-based lone pair that is high in s-character as part of 
the HOMO for E = Al–In. Higher lying virtual orbitals show significant contributions from metal-
based p-orbitals. These compounds generally mimic the overall features found for the β-
diketiminate examples I of Al–Tl although the latter compound classes contain planar chelate rings 
and show somewhat different N-E-N angles compared with 1-3. β-Diketiminate ligands19 have been 
highly successful in stabilising a wide variety of unusual low oxidation state metal complexes2c,4a,28 
and the use of related bis(iminophosphoranyl)methanides20 may further advance this area.29 The 
presented iminophosphorane-based complexes LE:, or "PNacPNacE:", show some similarities to 
the β-diketiminate heterocycles I with respect to their overall connectivity and nitrogen-group 13 
metal(I) coordination. 
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